Background: Drp1 mediates mitochondrial division via a poorly understood mechanism. Results: Drp1 promotes giant vesicle tethering and concentrates at contact sites in structures similar to those found in dividing mitochondria. Conclusion: Besides membrane constriction, Drp1 stabilizes structural intermediates of membrane division. Significance: This new role of Drp1 helps us understand mitochondrial biology. FIGURE 4. Membrane tethering induced by Drp1 in GUVs. A and B, confocal microscopy images (A) and quantification of tethered vesicles (B) of DiD-labeled MLL, MLL PG, and MLL PA GUVs incubated in the presence of Drp1-Al488 (25 nM). Scale bars ϭ 10 m. Arrows stand for the Drp1 localization in contact surfaces between adjacent vesicles. Data are mean Ϯ S.D. of three independent experiments.
Drp1 is a dynamin-like GTPase that mediates mitochondrial and peroxisomal division in a process dependent on self-assembly and coupled to GTP hydrolysis. Despite the link between Drp1 malfunction and human disease, the molecular details of its membrane activity remain poorly understood. Here we reconstituted and directly visualized Drp1 activity in giant unilamellar vesicles. We quantified the effect of lipid composition and GTP on membrane binding and remodeling activity by fluorescence confocal microscopy and flow cytometry. In contrast to other dynamin relatives, Drp1 bound to both curved and flat membranes even in the absence of nucleotides. We also found that Drp1 induced membrane tubulation that was stimulated by cardiolipin. Moreover, Drp1 promoted membrane tethering dependent on the intrinsic curvature of the membrane lipids and on GTP. Interestingly, Drp1 concentrated at membrane contact surfaces and, in the presence of GTP, formed discrete clusters on the vesicles. Our findings support a role of Drp1 not only in the formation of lipid tubes but also on the stabilization of tightly apposed membranes, which are intermediate states in the process of mitochondrial fission.
Mitochondria are essential organelles within the cell that host key metabolic reactions and cellular processes, including biosynthetic events, respiration, calcium homeostasis, and the intrinsic pathway of apoptosis (1, 2) . Mitochondria form branched and tubular networks that undergo continuous fission and fusion (3) . The balance between these counteracting processes is essential for the maintenance of a functional mitochondrial structure and plays a role in mitochondrial biogenesis and metabolism, in mitophagy, and in neurodegenerative diseases (4 -6) . On the other hand, peroxisomes are ubiquitous subcellular organelles that participate in a variety of important catabolic and anabolic functions, including hydrogen peroxide and lipid metabolism (7) . It is thought that peroxisome proliferation also occurs by division, comprising three stages: elongation, constriction, and fission (8) .
Dynamin-related protein (Drp1), an 80-kDa mechanochemical GTPase of the dynamin superfamily, is required for both mitochondrial and peroxisomal fission in mammals (9, 10) . This protein shuttles between the cytosol and these organelles, where it is recruited to potential fission sites. Drp1 then oligomerizes at some of these foci, leading to membrane scission (9) . Mitochondrial fission has mostly been studied in yeast, where the Drp1 homolog Dnm1 interacts with a mitochondrial fission adaptor (i.e. the fungus-specific adaptor mitochondrial division protein 1 (Mdv1) or its paralogue Caf4), which, in turn, binds to the tail-anchored fission protein 1 (Fis1) (11) (12) (13) (14) . However, mitochondrial division in mammals is believed to differ from that reported for yeast because homolog adaptor proteins are missing in mammals. Instead, new adaptors have been identified for Drp1 on mitochondrial and peroxisomal surfaces. Some of these adaptors are found in both mitochondria and peroxisomes, such as human fission protein 1 (hFis1) and mitochondrial fission factor (Mff) (15) (16) (17) , whereas others are only located at the mitochondrial outer membrane, such as mitochondrial dynamic proteins of 49 and 51 kDa (MiD49/ MiD51) (18 -21) .
Despite the identification of new mediators involved in mitochondrial fission, the molecular details of how Drp1 itself mediates membrane division in either mitochondria or peroxisomes remain poorly understood. Much of what is accepted in current models has been extrapolated from yeast Dnm1 and other dynamin family members (13, (22) (23) (24) (25) . Recent structural studies have revealed a novel assembly surface in the stalk of Drp1, termed interface 4 (26) . This interface is thought to be necessary to assemble two neighboring Drp1 filaments, similar to the model proposed for yeast Dnm1 by EM reconstructions, where a broader filament size and different oligomer architectures were achieved compared with dynamin (23) . Accordingly, Drp1 would mediate membrane constriction by GTP-dependent dynamic rearrangements of double filaments across helical turns (27, 28) . A number of attempts have also been made in reconstituted systems to unravel the GTPase and membrane remodeling activity of Drp1 (26, 29 -32) . For example, Drp1 self-assembly into rings and spirals in the absence of lipids is affected by the presence of MiD49 or MiD51 (31, 33) . However, the ability of Drp1 to mediate membrane constriction remains under debate because assembly around liposomes and membrane tubulation have mainly been reported for pure phosphatidylserine membranes under the harsh conditions of electron microscopy (26, 31) . Additional approaches that provide insight into the dynamic aspects of membrane remodeling by Drp1 under near-physiological conditions will be essential to understand the molecular mechanisms behind this process.
In this work, we reconstituted the membrane activity of Drp1 in a synthetic system on the basis of giant unilamellar vesicles (GUVs). 2 This allowed both direct visualization and quantification of the membrane remodeling action of Drp1 under chemically controlled conditions. In addition, we quantified the effect of lipid composition and GTP on Drp1 activity in large unilamellar vesicles (LUVs) by flow cytometry. Using lipid compositions mimicking the mitochondrial membrane and physiological buffers, we found that fluorescently labeled Drp1 bound to both curved and flat membranes, which sets it apart from other dynamin homologs. Drp1 induced the formation of lipid tubes depending on protein concentration, where cardiolipin seemed to be a potent stimulator. These findings are in agreement with the proposed constriction activity of Drp1 on mitochondrial membranes. Interestingly, Drp1 also promoted vesicle tethering and concentrated at the membrane contact sites, which are structural intermediates in the molecular pathway of membrane division likely involving non-lamellar lipid arrangements. In agreement with this, lipids with negative intrinsic monolayer curvature increased Drp1 membrane tethering activity. Similarly, we observed comparable tethered structures in living cells during Drp1-mediated mitochondrial division, in agreement with previous results in mammal and yeast cells (9, 13, 22, 31, 34) . Together, our findings support a molecular mechanism by which Drp1 promotes membrane fission by stabilizing membrane topologies involved in membrane fission.
EXPERIMENTAL PROCEDURES
Drp1 Purification and Labeling-pCal-n-EK-Drp1 (iso-form1) and pCal-n-EK-Drp1 K38A constructs were provided by Dr. C. Blackstone (Cell Biology Section, Neurogenetics Branch, National Institute of Neurological Disorders and Stroke, National Institutes of Health, Bethesda) (35, 36) . Escherichia coli BL21 (DE3)-RIPL cells containing pCal-n-EK-Drp1 and pCaL-n-EK-Drp1 K38A were grown at 37°C in Luria broth medium containing antibiotics until an A 600 of ϳ0.6. protein expression was induced with 1 mM isopropyl 1-thio-␤-d-galactopyranoside at 14°C for 18 h. Cells pellets were resuspended in 25 mM Hepes (pH 7.4), 250 mM NaCl, 2 mM CaCl 2 , 5 mM MgCl 2 and 1 mM imidazole containing 1 g/ml DNase and protease inhibitors (Complete; EDTA-free Protease Inhibitor Mixture; Roche Applied Science), homogenized, and centrifuged at 20,000 ϫ g for 40 min. The supernatant was affinity-purified using calmodulin affinity resin (Agilent/Stratagene). The fusion proteins calmodulin binding protein-Drp1 and -Drp1 K38A (called Drp1 and Drp1 K38A from this point on) were eluted from the resin with 25 mM Hepes (pH 7.4), 250 mM NaCl, and 10 mM EGTA and dialyzed overnight at 4°C with 25 mM Hepes (pH 7.4), 500 mM NaCl, and 2 mM MgCl 2 . Protein quality was checked by SDS-PAGE, and protein concentration was quantified by Bradford assay. Purified protein was stored with 50% (v/v) glycerol. Alexa Fluor 488 C 5 maleimide (Invitrogen) was covalently attached to cysteines in Drp1 and Drp1 K38A bound to the resin as described by the manufacturer. When formed, the Drp1-Alexa Fluor 488 bond cannot be cleaved by reducing agents. Excess of label was removed by washing. The labeling efficiency of the purified proteins was ϳ20% (1 mol of dye/5 mol of protein).
Drp1 Characterization in Native Gels-Purified Drp1 and Drp1 K38A samples were analyzed by 4 -16% NativePAGE TM BisTris gel (Novex, Invitrogen) as described by the manufacturer.
GTPase Activity Assay-The GTPase activity of Drp1 was assayed using a colorimetric assay as described previously by Leonard et al. (37) . Briefly, for GTPase assays of purified Drp1 samples (either unlabeled or Alexa Fluor 488-labeled samples), 0.5-0.6 M Drp1 was added to 0.5 mM GTP (or as indicated) over a 5-to 90-min time course at 37°C in 20 mM Hepes (pH 7.4), 150 mM KCl, 2 mM MgCl 2 , and 1 mM DTT. Reactions were stopped at the indicated times by diluting 20 l of the sample in 100 mM EDTA (final concentration) in a microtiter plate. Samples were then incubated with 150 l of malachite green stock solution (1 mM malachite green and 10 mM ammonium molybdate in 1 N HCl), and the absorbance at 620 nm was determined using an Infinite M200 microplate reader (Tecan, Mainz, Germany). The k cat and the substrate concentration at which velocity is half maximal (k 0.5 ) were calculated in GraphPad Prism using nonlinear regression curve fitting.
Drp1 Binding to GUVs-GUVs were produced by electroformation (38) . The desired lipid mixture in chloroform was dried on platinum wires, which were immersed in 300 mM sucrose in the electroformation chamber, and electroformation proceeded for 2 h at 10 Hz at room temperature, followed by 1 h at 2 Hz. LabTec chambers (Nunc) were blocked with bovine serum albumin before mixing 300 l of buffer (20 mM Hepes (pH 7.4), 150 mM KCl, and 1 mM MgCl 2 ) with the desired amount of Drp1. GUVs were added to the sample at a ratio of 80/300 l. For Drp1-Al488, GUVs were first added to the chamber, followed by the addition of Drp1-Al488. Images were collected between 30 min or 1 h after incubation with the protein at 22°C. More than 200 GUVs were analyzed for each sample.
Lipid Composition of GUVs-All lipids were from Avanti Polar Lipids. The lipid mixture mimicking the mitochondrial outer membrane composition, called here MLL, was prepared as in Ref. 39 with 46% egg L-␣-phosphatidylcholine (PC), 25% egg L-␣-phosphatidylethanolamine (PE), 11% bovine liver L-␣phosphatidylinositol (PI), 10% 18:1 phosphatidylserine (PS), 2 The abbreviations used are: GUV, giant unilamellar vesicles; LUV, large unilamellar vesicles; MLL, mitochondrial-like lipids; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI, phosphatidylinositol; CL, cardiolipin; PG, phosphatidylglycerol; PA, phosphatidic acid; DiD, 1,1Ј-dioctadecyl-3,3,3Ј,3Ј tetramethylindodicarbocyanine 4-chlorobenzenesulfonate salt.
and 8% cardiolipin (CL) (w/w) and variations of this as described. For fluorescence experiments, 0.1% (mol/mol) 1,1Јdioctadecyl-3,3,3Ј,3Ј tetramethylindodicarbocyanine 4-chlorobenzenesulfonate salt (DiD) (Molecular Probes, Eugene, OR) was added to the lipid mixtures.
Confocal Microscopy-All images were acquired with a commercial LSM 710 microscope (Carl Zeiss, Jena, Germany). The excitation light was reflected by a dichroic mirror (MBS 488/ 561/633) and focused through a Zeiss C-Apochromat ϫ40, numerical aperture 1.2 water immersion objective onto the sample. The fluorescence emission was collected by the objective and directed by spectral beam guides to photomultiplier tube detectors. Images were processed with ImageJ. ). In all cases, 2.5 mg of desired homogeneous lipid mixture film were rehydrated and homogenized in reconstitution buffer (25 mM HEPES (pH 7.4), 150 mM KCl, and 1 mM MgCl 2 ) with 10% sucrose (or GTPase buffer for GTPase assays). Following 10 cycles of freezing (liquid nitrogen) and thawing (37°C, water bath), size extrusion using 400-nm filters was performed (LiposoFast-Basic, Avestin Inc., Canada).
Flow Cytometry-Liposomes were analyzed with a fluorescence-activated cell sorter Calibur instrument, and data were processed with CellQuest Pro software (BD Biosciences) and Flowing Software 2.5.1 (Cell Imaging Core, Turku Centre Biotechnology). Briefly, 1 mM liposomes were first blocked with 4% BSA for 1 h at 25°C, washed, pelleted for 10 min at 16,000 ϫ g, and resuspended in the same volume (resulting again in 1 mM liposome) of reconstitution buffer containing 500 nM Drp1-Al488 in the absence or presence of 1 mM GTP or GTP-␥-S. After 1 h incubation at 25°C, samples were washed and measured (30,000 events). Each experiment was performed four times in duplicate. Raw data (fluorescent units) were used to calculate Drp1 binding per normalized liposomes (corrected fluorescence units) and membrane tethering (shape index) as described previously (40) .
Cell Experiments-For live cell imaging, mouse embryonic fibroblast cells were transfected with Lipofectamine reagent (Invitrogen), the MitoDsRed plasmid, and the pEGFP-C1-Drp1 plasmid to visualize mitochondria and Drp1, respectively. The pEGFP-C1-Drp1 plasmid was provided by Dr. M. Jendrach (Experimental Neurology, Department of Neurology, University Medical School, Goethe University, Frankfurt am Main, Germany) (41) . For endogenous Drp1 localization, HeLa cells were transfected with Mito-DsRed, fixed with 4% paraformaldehyde in PBS and immunostained with primary antibody against Drp1 (D6C7, Cell Signaling Technology) and an Atto488-coupled secondary antibody.
Statistical Analysis-All measurements were performed at least three times, and results are presented as mean Ϯ S.D. Levels of significance were determined by two-tailed Student's t test, and a confidence level of greater than 95% (p Ͻ 0.05) was used to establish statistical significance.
RESULTS

Drp1 Labeling Does Not Significantly Alter Function-To
ensure that the proteins used in this study retain their function, we characterized their GTPase activity and oligomeric state in solution. We first evaluated the assembly of purified Drp1 by native gel electrophoresis. In agreement with previous data (30, 35) , unlabeled Drp1 was present mainly as tetramers ( Fig. 1A) .
In the case of Drp1 labeled with Alexa Fluor 488, a fraction of dimeric Drp1 appeared besides the tetramers (Fig. 1A) , probably because of the presence of reducing agents in the labeling reaction. Nevertheless, similar mixtures of dimers and tetramers have also been reported previously for active preparations of Drp1 (26, 36) .
Higher order assembly of dynamins is required for maximal GTPase activity (22, 36, (42) (43) (44) . This assembly can be promoted by lowering the ionic strength (22, 31, 36, 45) . Taking this into account, we investigated Drp1-dependent GTP hydrolysis under conditions favoring non-assembly (500 mM KCl) or higher order self-assembly (50 mM KCl). As expected, Drp1 induced GTP hydrolysis in low ionic strength buffer but not under high ionic strength conditions (Fig. 1B) . The catalytic parameters measured for Drp1 in the presence of 150 mM KCl, which mimics physiological conditions, were k cat ϭ 7.051 Ϯ 0.2843 min Ϫ1 and k 0.5 ϭ 157.3 Ϯ 17.92 M. These values are similar to those reported previously for Drp1 under low ionic strength buffer (31) and for Dnm1 (14) . In addition, self-assembly of dynamins can be stimulated by the presence of liposomes, thereby inducing enhanced GTPase activity (14, 26, 32, 46) . To determine whether this is also the case for our purified Drp1, GTPase reactions were measured in the absence or presence of MLL LUVs, which mimic the lipid composition of the mitochondrial outer membrane. As expected, we detected enhanced GTPase activity in the lipid environment (1.42 Ϯ 0.2-fold increase for unlabeled Drp1, n ϭ 3 independent experiments) compared with the GTPase activity shown in the absence of liposomes (Fig. 1C ). When Drp1 was fluorescently labeled, we also measured comparable GTPase activity in the absence of membranes, which was increased to a similar extent in samples containing liposomes when compared with unlabeled Drp1 (Fig. 1C ). Together, these results suggest that neither the tag (calmodulin binding protein) present in the fusion protein nor fluorescent labeling interfere with Drp1 activity and membrane interactions.
Drp1 Promotes Lipid Tube Formation Independently of GTP-To gain insights into the molecular mechanism of Drp1-induced membrane division, we characterized the membrane activity of Drp1 in reconstituted membrane systems. To date, most used templates for studying Drp1 activity in vitro are on the basis of pure PS liposomes, which do not reproduce physiological conditions due to the fact that this lipid is nearly absent at the mitochondrion (ϳ1 mol%) (47) . Here we used GUVs as model membrane systems because they are free-standing membranes of several microns in size that allow chemical control of the lipid composition as well as direct, live visualization of Drp1 binding and membrane remodeling activity with con-focal microscopy. In addition, to model the physiological conditions, we used GUVs mimicking the lipid composition of the mitochondrial outer membrane (MLL GUVs).
Immediately after mixing with GUVs in the observation chamber, Drp1 induced membrane tubulation and vesicle clustering in the absence of nucleotides ( Fig. 2A ). These membrane deformations were absent in control samples ( Fig. 2A , top left panel) and increased with protein concentration ( Fig. 2A , bottom left panel and right panels), indicating that Drp1 was responsible for this effect. We found that Drp1 promoted the formation of lipid tubes hundreds of micrometers long independently from the protein concentration tested ( Fig. 2A , right panels). These membrane tubes were almost always connecting GUVs or bound to other tubes. The diameter of these tubes was around 200 nm or less and could not be accurately resolved by confocal microscopy because of the optical resolution limit. Unspecific lipid aggregates often appeared associated with the tubes. When analyzing the tubulation kinetics, tube growth was very fast, which made image collection very difficult. Nevertheless, we were able to image the process on a few occasions, for example as shown in supplemental Movie S1.
Drp1 Binds to Both Flat and Curved Membranes in Absence of Nucleotides-To visualize the localization of Drp1 during its membrane remodeling activity in GUVs, we used Drp1-Al488. As expected, fluorescently labeled Drp1 showed similar membrane remodeling compared with unlabeled Drp1 (Fig. 2B ).
Upon incubation with the MLL GUVs, we observed immediate binding of Drp1-Al488 to the membrane, as shown by the increase in fluorescence intensity at the vesicle rim ( Fig. 2B) . Interestingly, the Drp1-Al488 signal was comparable on the GUV surface and on the lipid tubes, which indicates no signif-icant preferential partitioning between the two structures ( Fig.  2B) . These results show that Drp1 has no preference for binding to curved or flat membranes, in contrast to what has been reported for other dynamins (48) . In general, the distribution of the protein was mostly homogeneous on the membrane surface ( Fig. 2B ), suggesting that membrane association in the absence of nucleotides is not accompanied by scaffolding.
Cardiolipin Stimulates Lipid Tube Formation Induced by Drp1-Next we investigated the lipid dependence on Drp1 membrane activity. It has been reported previously that Drp1 shows a preferential binding to vesicles containing the specific mitochondrial lipid cardiolipin (30, 49, 50) . This CL effect could be due to a specific recognition of the CL structure, to electrochemical interactions favored by the negative charge of this lipid, or to the negative intrinsic curvature induced in the membrane by CL. Strikingly, we found that replacing CL in the MLL mix with PC, which is a neutral lipid, completely abolished the ability of Drp1 to bind to these vesicles or to induce membrane remodeling (Fig. 2C ). MLL-PC vesicles still contain a significant amount of negatively charged lipids, which suggests that additional features of CL besides its negative charge are required for Drp1 binding to membranes.
To test whether Drp1 binding is influenced by the intrinsic curvature of lipids, CL was substituted by phosphatidylglycerol (PG) or phosphatidic acid (PA) while maintaining the net charge of the vesicles. PG has a less negative intrinsic monolayer curvature than CL, whereas PA has more (51) . In the case of PG-containing GUVs, Drp1-Al488 was capable of binding to the membrane (Fig. 2C) , although with a distinct binding pattern from that observed in CL-containing vesicles. Drp1-Al488 did not cover the whole membrane surface and showed a patch- 
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like binding pattern to MLL-PG GUVs, which suggests that CL is required for optimal binding of Drp1 to membranes (Fig. 2C) . In contrast, when incubated with MLL-PA GUVs, Drp1-Al488 showed a similar binding pattern compared with CL-containing vesicles (Fig. 2C) , and it bound homogeneously to the vesicle surfaces and tubes. When we quantified the number of tubes produced in GUV samples of the different lipid compositions, we found that Drp1-Al488 produced more lipid tubes in CLcontaining vesicles compared with PA-containing ones, suggesting that Drp1-induced membrane tubulation is not exclusively mediated by the negative curvature of the lipid (Fig. 2C ). Together, these results suggest that the specific structure of CL plays a role in Drp1-induced membrane tubulation, which can be at least partially substituted by PG.
GTP Promotes a Compact Assembly of Drp1 Related to Scaffolding-From the literature currently available, it remains unclear what role GTP plays in Drp1 binding to membranes and whether Drp1 oligomerization in solution is necessary for the nucleation of Drp1 higher order structures on membranes (22, 52) . The results obtained so far indicate that Drp1 binding to membranes and tube formation are independent of GTP. To study the effect of GTP on membrane binding and remodeling of Drp1, we performed similar experiments as described above but in the presence of 1 mM GTP. Under these conditions, Drp1-induced membrane tubulation was also observed (Fig.  2B ), although to a lesser extent.
The most striking finding, however, was that the binding pattern of Drp1-Al488 changed drastically in the presence of GTP. In particular, in the presence of GTP, membranes were completely covered by Drp1, together with the appearance of discrete Drp1-Al488 clusters or higher order oligomers on the surface of the vesicles (Fig. 3A) . In addition, Drp1 was heterogeneously distributed on the tube surfaces and also appeared as segregated protein clusters along them (Fig. 2B ). Drp1 clusters also appeared in solution, mostly associated with small lipid vesicles and/or aggregates. To confirm that the Drp1 clusters induced by GTP specifically bound to the membrane surface of MLL GUVs and were not an artifact because of random cluster OCTOBER 31, 2014 • VOLUME 289 • NUMBER 44 sedimentation, we checked that they did not appear on the membrane but remained in solution when the protein was incubated with MLL PC GUVs (Fig. 3B) .
Drp1 binding to MLL GUVs was also observed in the presence of GTP-␥-S, a non-hydrolyzable GTP analog. As expected, Drp1 formed large clusters, which were visualized both in suspension and bound to the surface of vesicles and tubes (Fig. 3C ). This indicates that Drp1 scaffolding on the membrane surface depends on GTP binding but not on its hydrolysis. Furthermore, the clusters observed in the presence of GTP-␥-S were larger than with GTP, suggesting that GTP hydrolysis leads to smaller oligomeric polymers.
As an additional control for GTP effects on Drp1 activity, we used a fluorescently labeled version of the dominant negative mutant Drp1 K38A (Drp1 K38A -Al488). This dominant-negative mutation in Drp1 changes the critical lysine in the consensus G 1 motif to the GTPase domain into an alanine, presumably inhibiting GTP binding by Drp1 (9, 30, 35, 53) . To compensate for the high tendency of this protein to aggregate (larger oligomers were already detected for purified Drp1 K38A -Al488, data not shown) (35), a higher concentration of the mutant protein was used in the experiments. In agreement with our previous observations, this Drp1 mutant was also capable of binding to membranes and inducing membrane remodeling (Fig. 3D) . Interestingly, we observed a different binding pattern compared with wild-type Drp1, characterized by more protein aggregates and lipid-containing clusters attached to the GUVs.
Drp1 Induces Membrane Tethering and Concentrates at the Membrane Contact Surfaces-Surprisingly, we found that, in parallel to tube formation, Drp1 induced membrane tethering in adjacent GUVs in the absence of nucleotides (Fig. 4) . The extent of vesicle tethering was as prominent as the formation of lipid tubes, suggesting that this is an important aspect of Drp1 membrane activity. In agreement with this, previous studies postulated the role of Drp1 in the formation of hemifusion/ fission intermediates by detecting the aggregation of LUVs induced by Drp1 (30) . Nevertheless, neither the specific structural rearrangements involved nor its implications for the role of Drp1 in membrane division have been addressed so far. Therefore, we decided to reevaluate the membrane-tethering activity of Drp1 in our GUV system.
The areas of tethered membranes induced by Drp1 were heterogeneous but normally spanned several square micrometers, in the order of the sizes of the giant vesicles ( Fig. 4A, white  arrows) . Usually, pairs of vesicles appeared tethered, but it was not uncommon to observe larger structures with several GUVs attached to each other. Interestingly, the fluorescence intensity of Drp1-Al488 was higher on the contact sites than on the rest of the vesicle surface, indicating that the protein is concentrated at the tethered surfaces between adjacent vesicles (Fig.  4A ). This preferential partitioning supports a direct role of the protein in the stabilization of these structures.
In addition, the membrane-tethering activity of Drp1-Al488 was increased in the presence of GTP, suggesting that this nucleotide could favor the process (Fig. 4B) . However, the preferential partitioning of Drp1 to the membrane contact surfaces in tethered vesicles was less evident (Fig. 4A ), which could be due to the overall increased membrane binding induced by GTP. Drp1-Al488 also induced membrane tethering in MLL PG and MLL PA GUVs and concentrated at the contact surfaces between adjacent vesicles (Fig. 4A) . Interestingly, quantification of Drp1-induced membrane tethering suggested a role for the intrinsic negative curvature of lipids in this process because tethering increased in the following order: MLL PA Ͼ MLL Ն MLL PG (Fig. 4B) .
Quantitative Analysis of GTP and Lipid Composition Effects on the Membrane Activity of Drp1 by Flow Cytometry-
Although allowing direct visualization and low number quantification of membrane binding and remodeling events, it is difficult to obtain statistically relevant quantitative information about these processes from imaging experiments with GUVs. In contrast, flow cytometry is a powerful technique that allows the simultaneous quantification of a number of parameters important for membrane activity for tens of thousands of events. These include total protein binding to a liposome population (quantified as geometric mean of fluorescence intensity), protein density on the membrane surface (calculated as corrected fluorescence units), and vesicle shape alterations like tethering (shape index) (40) . To study the binding and tethering activity of Drp1 on liposomes by flow cytometry, Drp1-Al488 and 1% RhodPE-labeled LUVs were used. Rhod-PE-labeled liposomes were easily detected and gated on the basis of the rhodamine-derived fluorescence from the vesicles (Fig. 5A ).
As mentioned above, Drp1 self-assembly is stimulated in the presence of GTP. To quantitatively analyze whether Drp1 binding to liposomes is influenced by the presence of GTP, we measured Drp1-Al488 binding to MLL LUVs in the absence or presence of GTP or GTP-␥-S. In agreement with the observations in GUVs, Drp1 showed a significantly greater binding to MLL LUVs in the presence of GTP. As expected, Drp1 membrane density was also enhanced in the presence of GTP, implying that Drp1 binds more efficiently to the membrane when nucleotides are present in the assay (Fig. 5B, center panel) . However, binding in the presence of GTP-␥-S was not significantly different from binding in the absence of nucleotides (Fig. 5B, top  panel) , suggesting that the larger Drp1 oligomers bind less to membranes.
To quantitatively analyze the role of CL on Drp1 binding to liposomes, we used a number of MLL LUVs deficient in CL, where this lipid was substituted by PC, PS, PG, or PA. In the case of negatively charged lipids (i.e. PS, PG, and PA), the net charge of the vesicles was maintained (see "Experimental Procedures"). We found that Drp1 binding to membranes was directly linked to the negative intrinsic monolayer curvature of the selected lipid. According to this, binding was most efficient in the presence of PA and increased in the following order: MLL PC (not detectable) ϽϽ MLL PG Ͻ MLL PS Ͻ MLL Ͻ MLL PA ( Fig. 5C, top panel) . We then studied Drp1 membrane density, taking into account Drp1-induced liposome size variations. In this case, Drp1 showed similar binding density independent of the lipid composition tested, except for MLL PC LUVs, where no detectable interaction was found ( Fig. 5C, center panel) .
Furthermore, we analyzed the membrane shape alterations induced by Drp1. GTP, but not by GTP-␥-S, promoted Drp1induced membrane tethering when compared with the shape index in the absence of nucleotide (Fig. 5B, bottom panel) . Interestingly, this result suggests that larger Drp1 oligomers have less potential to induce membrane tethering. Moreover, when CL was replaced by different negatively charged lipids, Drp1 induced variations in liposome size (i.e. membrane tethering). This was again tightly dependent on the negative intrinsic monolayer curvature of the substituted lipid, increasing in the following order: MLL PC (no detectable size variation) ϽϽ MLL PG Ͻ MLL PS Ͻ MLL Ͻ MLL PA (Fig. 5C, bottom panel) .
Overall, these results are in agreement with and provide a sound statistical support for the results obtained with GUVs.
Tethered Mitochondria Are Observed during the Last Steps of Drp1-induced Division in Cells-It is important to note that tethered membranes similar to those found in GUVs also seem to be present during Drp1-mediated mitochondrial division. Indeed, previous studies with GFP-tagged Drp1 have reported that Drp1 fission complexes remain associated with both ends of divided mitochondria (34) . Similar observations have been made for Dnm1 in yeast (13) . This implies that, prior to the separation of the two daughter mitochondria and after mem-brane fission has taken place, the two newly generated membranes remain transiently apposed. Following this, final separation is achieved by migration of the daughter mitochondria as they are pulled by the cytoskeleton. To confirm that tethered daughter mitochondria are found in cells, we analyzed the steps involved in mitochondrial division by live microscopy in mouse embryonic fibroblast cells transiently transfected with GFP-Drp1. Despite the difficulties to capture these events, Fig. 6A shows a representative example of tethered mitochondria where Drp1 was localized at contact sites between both mitochondrial parts. Importantly, this happened after recruitment of Drp1 into discrete foci at the mitochondrial surface and membrane scission but before separation of the daughter mitochondria. Later on, mitochondrial fission proceeded with both mitochondrial tails separating and carrying Drp1 complexes attached to the new mitochondrial poles. This suggests that the break point in mitochondrial division is at the middle of the Drp1 filament, in contrast to the model proposed by Roux and colleagues (54, 55) for dynamin. In addition, these results are supported by immunostaining of endogenous Drp1 in cells containing mitochondria labeled with Mito-DsRed, where three types of Drp1 structures related to mitochondrial division can be distinguished (Fig. 6B) : Drp1 bound to mitochondria in a constricted state; Drp1 bound to mitochondria that have been divided but that remain in a tethered state; and Drp1 bound at mitochondrial ends, likely the final product of mitochondrial division. The large number of events showing divided mitochondria in a tethered conformation (16.3% Ϯ 4.9 from n ϭ 1541 structures analyzed, 10 cells) supports the biological relevance of this structure.
DISCUSSION
Here we characterized the membrane activity of Drp1 using chemically controlled reconstituted systems that mimic physiological conditions. We investigated the membrane binding and remodeling properties of Drp1, including membrane tubu- 
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lation and tethering, and examined the role of lipids and of GTP on these processes. As discussed below, the results reported here may be relevant for the molecular mechanism of action of Drp1 in the cellular context.
Fluorescent labeling of Drp1 allowed us not only to specifically locate Drp1 on the vesicles but also to study the lipid determinants for Dpr1 membrane binding. We show that Drp1 binding to vesicles mimicking the lipid composition of the mitochondrial outer membrane (MLL GUVs) requires CL or a negatively charged lipid with negative intrinsic curvature (like PA). Only 4.35% CL, a concentration typically found on the mitochondrial outer membrane, was sufficient to induce Drp1 binding to GUVs. Fully replacing CL with PC abrogated Drp1 binding. Exchanging CL with other negatively charged lipids like PG or PA also led to Drp1 association to GUVs, although it affected the binding pattern. Taken together, these results suggest that maintaining the net negative charge of the vesicles is not the only parameter affecting Drp1 membrane binding but that the intrinsic monolayer curvature of the lipids also plays a role. Therefore, and contrary to what is believed in the field (49, 50) , our results show that CL is not essential for Drp1 binding to membranes. Indeed, Drp1 also catalyzes peroxisomal division (10, 56) , suggesting that a common mechanism exists for mitochondrial and peroxisomal division. However, peroxisomal CL content is thought to be negligible (57, 58) . Interestingly, PA is enriched in maturated peroxisomes (59) . In this context, our results reinforce the view that PA could play a role for Drp1 recruitment to peroxisomal membranes.
In cells, Drp1 bound to mitochondria is not homogeneously distributed. Instead, it concentrates at discrete foci (9, 60) , which is thought to be mediated by specific binding to adaptor proteins (17, 18, 21, 31) . Recent evidence suggests that these Drp1 foci are structurally distinct platforms for a number of mitochondrion-related processes, characterized by a concrete protein and lipid composition (61) (62) (63) (64) (65) . On the basis of our results, it is therefore tempting to speculate that enrichment of CL or other negatively charged lipids with negative intrinsic curvature might also play a role in regulating Drp1 segregation to these foci.
Moreover, we also found that, in contrast to what has been observed for other members of the dynamin family (48, 66, 67) , Drp1 bound to both flat and curved membranes in the absence of nucleotides. This is unexpected because curvature sensing is believed to be a key property of dynamin proteins, and it suggests a fundamentally different mechanism of action for Drp1. Indeed, in cells, dynamin binding to endocytic vesicles happens only before the final event of membrane fission (68 -70) . Instead, Drp1 is continuously shuttling between the cytosol and mitochondria, and only a fraction of the foci containing bound Drp1 develop into mitochondrial division sites (9) . Furthermore, we show that GTP induced a compact assembly of Drp1 on the membrane surface, in contrast to the homogeneous distribution of the protein on the GUVs in the absence of nucleotides. These clusters are also found on flat and curved membranes and are likely related to Drp1 scaffolding because GTP and GTP analogs have been shown to induce Drp1 oligomerization (29, 31, 49, 71) . Therefore, our results reveal two distinct modes of curvature-independent Drp1 binding to membranes that set it apart from other members of the dynamin family and that may be relevant for the molecular mode of action of Drp1 in the context of the cell.
Previous studies have shown that Drp1 deforms liposomes into tubules using electron microscopy (26, 29, 31) . However, this membrane tubulation activity has remained under debate because it was observed under experimental conditions far from those found in mitochondria, including non-biologically relevant lipid compositions and protein concentrations as well as harsh sample treatments (26, 31) . Here we show that Drp1 promotes membrane tubulation when incubated with GUVs mimicking the lipid composition of mitochondria at low con- OCTOBER 31, 2014 • VOLUME 289 • NUMBER 44
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centrations and at room temperature. In addition, tube formation seems to be independent of GTP and affected by the lipid composition of the membrane, with CL acting as a stimulator of this activity. These results indicate that, although Drp1 does not sense membrane curvature, it can stabilize lipid tubes and suggest that at least one of the functions of Drp1 in mitochondrial division is to stabilize curved membranes. Importantly, this activity can be separated from its proposed role in membrane constriction, which is thought to be linked to GTP hydrolysis.
Moreover, we report that Drp1 promotes vesicle tethering by inducing close contacts between large surfaces of the two apposed membranes. The extent of this membrane-tethering activity is similar to that of tube formation, indicating that this is also an important aspect of Drp1 action on membranes. Although they may not represent the same process, our data are in line with previous work performed by Montessuit et al. (30) , where unlabeled Drp1 induced liposome aggregation and membrane hemifusion depending on the presence of ATP. Indeed, we detected membrane tethering in the absence of nucleotides, suggesting that neither GTP nor ATP are required for this process. Nevertheless, the intrinsic negative curvature of the lipids correlated with Drp1 membrane-tethering activity (PA Ͼ CL Ͼ PG Ϸ PS), suggesting that non-lamellar membrane fission intermediates seemed to be involved, as also observed for vesicle aggregation (30, 51, 72) .
By directly visualizing the tethered membranes, we found that Drp1 concentrated at contact surfaces between adjacent vesicles, suggesting that Drp1 induces GUV tethering by linking two membrane surfaces. This is interesting because membrane fission as well as fusion are topologically equivalent. That is, they proceed along the same pathway of structural intermediates but in opposite directions (Fig. 6C ). These intermediate structures involve non-lamellar lipid assemblies and necessarily finish (or start, in the case of membrane fusion) with a local connection between the contacting monolayers of the two newly formed membranes before they finally separate (73) . The same way that membrane tethering is an essential first step for fusing two membranes (for example by SNARE proteins), it is also the last step for membrane division. The preferential localization of Drp1-Al488 at those contact sites strongly suggests that Drp1 plays a role in the stabilization of these membrane fission intermediates (74) . If one thinks in terms of energy and kinetics of a reaction, Drp1, by stabilizing tethered membranes, is able to lower the energy of the reaction product of mitochondrial division (that is, two apposed membranes) and, therefore, promote the reaction in the fission direction. In agreement with this new concept, we show that, in cells, Drp1-mediated mitochondrial division proceeds via tethered mitochondrial structures comparable with those observed in GUVs. These intermediate states are observed after membrane scission and prior to the separation of the divided mitochondria mediated by opposed pulling forces likely exerted by the cytoskeleton. In agreement with this, membrane division at the middle point of the Drp1 filament has been reported previously in various publications (26, 34) , although without any mechanistic connection.
Our results show that GTP is not essential for Drp1 binding to membranes nor for its membrane tube formation or tethering activity but, rather, that it plays a role in the scaffolding of Drp1 molecules on the membrane surface, which may also increase the affinity for the membrane. The higher order structures visualized with GTP-␥-S suggest that GTP hydrolysis would lead to the disassembly, at least in part, of these oligomers, therefore limiting their growth. This is in agreement with previous studies (29, 31, 33) and with the finding that the extent of Drp1-mediated membrane remodeling anticorrelated with Drp1 oligomerization propensity in solution (50) . Together, this suggests that Drp1 binding to GTP causes concentric assembly of Drp1 and that, upon GTP hydrolysis, Drp1 dissociates to smaller subunit forms. Moreover, these GTP-induced Drp1 clusters were also present along the tubes with a similar distribution pattern as dynamin (48, 54) , suggesting that those sites could represent potential nucleation points for mitochondrial fission. Along these lines, previous work reported that long dynamin scaffolds did not produce membrane scission, whereas GTPase-dependent cycles of assembly and stochastic disassembly of short dynamin scaffolds led to fission (66, 75) .
It is important to note that we were not able to visualize any fission event under the experimental conditions tested. Indeed, the fact that the membrane fission activity of Drp1 has not yet been reconstituted in vitro suggests, together with the large diameter found for Drp1 tubules in electron microscopy studies (26, 31, 50) , that additional catalysis steps beyond membrane constriction and/or components are required to overcome the high-energy barrier of membrane fission so that Drp1 can mediate mitochondrial division. Taking this into account and on the basis of our findings and the data in the literature, we propose a new model for Drp1-induced mitochondrial fission (Fig. 6C ). According to this model, besides Drp1-induced constriction of the mitochondrial tubular structure and the probable role of additional factors in further constricting mitochondria, Drp1 would also contribute to mitochondrial fission by stabilizing structural intermediates formed during the process by stabilizing the tethered new mitochondrial poles before their dissociation.
In summary, we report direct visualization of Drp1 binding to membranes and membrane remodeling activity under conditions mimicking the mitochondrial environment. We demonstrate that Drp1 binds to both curved and flat membranes independently of GTP and that GTP promotes Drp1 clustering on the membrane surface. Moreover, we show that Drp1 induces lipid tubes as well as membrane fission intermediates affected by the presence of lipids with a negative intrinsic monolayer curvature. Our results support a mechanism by which Drp1, besides its function in membrane constriction, plays a role on the stabilization of the structural intermediates involved in the final step of membrane fission.
